Enforced expression of
Introduction
Hematopoiesis relies on the unique abilities of relatively few hematopoietic stem cells to self-renew and generate progenitors that will differentiate into the mature cells forming the blood system. This dynamic process is tightly regulated by a complex of internal and external signals, such as transcription factors, growth factors, and cell cycle regulators (for reviews, see Orkin 1 and Verfaillie 2 ). Many transcription factors, including homeobox (Hox) transcription factors, have been shown to be key players in the proliferation and differentiation of early progenitor cells. 3, [4] [5] [6] Specific expression patterns of multiple Hox genes have been detected in normal and leukemic hematopoiesis. 7, 8 Enforced expression of Hox genes has been shown to affect the ability of progenitors and stem cells to proliferate and differentiate. [9] [10] [11] [12] [13] [14] [15] [16] [17] One of these genes, Hoxb4, has been implicated in the regulation of hematopoietic stem cell regeneration, 8 and retrovirally engineered overexpression in murine bone marrow cells dramatically increases the stem cell pool ex vivo and in vivo, resulting in faster, more complete recovery of the stem cells in transplantation studies with no adverse effect on differentiation or lineage distribution. 14, [18] [19] [20] [21] This is in contrast to the overexpression of other Hox genes, which can perturb the proliferation and lineage commitment of primitive progenitors and can give rise to hematopoietic malignancies. 10, 11, 13, 15, 16, [22] [23] [24] However, recent studies have suggested that the effect of Hoxb4 is concentration dependent and is not necessarily restricted to proliferation. [25] [26] [27] Thus, the level of Hoxb4 expression has to be within a specific range for Hoxb4 to increase stem cell proliferation without adverse effects on differentiation. Although enforced expression of Hoxb4 in hematopoietic cells has been studied in detail, its physiologic role in hematopoiesis is poorly understood. Recently, we described a mouse model deficient in Hoxb3 and Hoxb4, showing reduced proliferative capacity of the stem cell pool without otherwise perturbing hematopoiesis. 28 Here we report a novel mouse model in which the Hoxb4 gene alone has been completely removed through the Cre/loxP technique. Hoxb4-deficient mice have a phenotype similar to that of double Hoxb3/Hoxb4 knockout (KO) mice, although the effects are milder in the Hoxb4 Ϫ/Ϫ mice. The phenotype observed seems mainly confined to the stem cell pool, resulting in reduced proliferative capacity of bone marrow and fetal liver hematopoietic stem cells (HSCs) without affecting differentiation or lineage choice. Deficiency of Hoxb4 or Hoxb3 and Hoxb4 affects the expression of other Hox genes and the expression of cell cycle regulators, indicating a complex regulatory role of these Hox genes. Collectively, these findings indicate that Hoxb4 improves proliferative recruitment of HSCs in settings demanding high proliferation, such as transplantation, but that it has a less prominent role in normal endogenous hematopoiesis.
Materials and methods

Cloning Hoxb4 and generating a targeting construct
A genomic bacteria artificial chromosome (BAC; Stratagene, La Jolla, CA) clone containing more than 100 kb of the Hoxb gene cluster 28 was used for generating the Hoxb4 targeting construct. Two overlapping clones, a 6-kb EagI 5Ј clone (pBS-EagI) and a 9-kb EcoRI 3Ј clone (pBS-ERI), were used. The 6-kb EagI fragment was digested with HindIII, and the loxP flanked (floxed) neomycin expression cassette 28 was blunted and inserted into the HindIII site. pBS-ERI was opened with EagI, the 3ЈEagI fragment was isolated and blunted, and a single loxP site, isolated from pGZM (gift from H. Gu, National Institutes of Health, Bethesda, MD), was inserted as a blunt fragment. The 5Ј EagI/Neo fragment and the 3Ј EagI/loxP fragment were then joined together, creating pBS-KO1. A 12-kb PshAI/ClaI fragment was then isolated from pBS-KO1 and ligated into SmaI/ClaI pBS, creating pBS-KO2. The thymidine kinase (tk) gene controlled by the PGK promoter was isolated from pPNT (gift from Dr R. Jaenish, Massachusetts Institute of Technology, Boston, MA) by EcoRI and HindIII digests. This fragment was blunt ligated into the ClaI site in the 3Ј polylinker of pBSKO-2, generating pBS-KO2-tk with approximately 1.7-kb 5Ј and 5.5-kb 3Ј homologous arms.
Gene targeting in ES cells
Embryonic stem (ES) cells were targeted using standard protocols as detailed in Bjornsson et al. 28 To verify homologous recombination (HR), the surviving colonies were screened by polymerase chain reaction (PCR) using the B4U5Јext primer 1 (P1) (GTTGACATAAACACTCCGCTCATA) and P2 (internal neospecific primer) (CGAAGTTATTAGGTCTGAAGAAG-GAG). Positive clones were further analyzed by Southern blot using external probes (data not shown). Ten micrograms DNA was digested with either PstI or KpnI for the detection of the 3Ј loxP site or a single integration of the neomycin cassette, respectively ( Figure 1 ). Correctly targeted clones were expanded, and approximately 2 ϫ 10 6 cells were electroporated with 15 g plasmid pIC-Cre, resulting in the excision of the neomycin gene either alone or together with a total excision of the Hoxb4 gene (null mutation). Neomycin-sensitive (neo s ) clones were identified and analyzed by PCR using primers P3 (GGAAGCAAGAAAAGGAGGAAGAAAGGA), P4 (CAAAGTGGGTACAGACAGGGAGGAAAG), and P5 (GTTGA-CATAAACACTCCGCTCATA). For generating chimeras, independently targeted clones bearing either the Hoxb4-floxed or the Hoxb4-deleted version were used according to published techniques. 29 Chimeric males were mated to C57BL/6J females, resulting in offspring with a 129Sv/ C57BL/6J genetic background. For screening of germline offspring, DNA was isolated from tail biopsy specimens and was analyzed using PCR ( Figure 1 ). Total RNA was isolated from peripheral blood and bone marrow (RNeasy; Qiagen, Hilden, Germany) of Hoxb4 mice and used for reverse transcription-PCR (RT-PCR) to verify the presence or absence of the RNA transcripts.
Mice were bred, kept in ventilated racks, and fed autoclaved food and water in the animal facility of The Biomedical Center, Lund University. The Ethical Committee for Animal Research approved all animal experiments.
Clonogenic assays
Hematopoietic cells were harvested as described. 28 For myeloid clonogenic progenitor assays, bone marrow (BM) cells were cultured in 35-mm Petri dishes. For culture colony-forming unit (CFU-C) assay, rich methylcellulose (M3534 containing stem cell factor [SCF; 50 ng/mL], interleukin-3 [IL-3; 10 ng/mL], and IL-6 [10 ng/mL]; Stem Cell Technologies, Vancouver, BC, Canada) with the addition of 5 U/mL human erythropoietin (hEPO; Janssen-Cilag, Sollentuna, Sweden) was used. For erythroid blast-forming unit (BFU-E) assay, serum-free methylcellulose (M3236; Stem Cell Technologies) supplemented with 50 ng/mL SCF (Amgen, Thousand Oaks, CA), 50 ng/mL thrombopoietin (TPO; Kirin Brewery, Tokyo, Japan), and 5 U/mL hEPO was used. Colonies were scored on days 7 to 12.
Proliferation recruitment
For single-cell cultures, Lin Ϫ Sca1 ϩ c-kit ϩ (LSK) cells were used as described. 28 The following cytokines were used in various combinations (see "Results"): SCF (Amgen), TPO (Kirin), Flt-3 ligand (FL; Immunex, Seattle, WA), granulocyte colony-stimulating factor (G-CSF; Amgen), granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-3 (GM-CSF and IL-3 were gifts from Novartis, East Hanover, NJ).
Cell cycle analysis
Lineage-negative BM cells (CD4, CD8, CD5, Gr1, Mac1, B220, and Ter119 Ϫ ) were stained with c-kit-allophycocyanin, (c-kit-APC) and Sca1-phycoerythrin (Sca1-PE) and were preserved in 0.4% formaldehyde (LabKemi, Stockholm, Sweden) and 0.2% Triton-X (Sigma) overnight. The next day, the cells were labeled with Ki67-fluorescein isothiocyanate 
Fluorescence-activated cell sorter analysis
Hematopoietic cell suspensions for lineage analysis (peripheral blood [PB], BM, spleen, thymus, and lymph nodes) were stained with an FITCconjugated lineage cocktail containing anti-Mac1, anti-Gr1, anti-B220, and anti-CD4 antibodies and with PE-conjugated anti-CD3, anti-CD8, and anti-Ter119 antibodies. For analysis of reconstitution in mice that underwent transplantation, PE-conjugated anti-CD45.1 (Ly5.1) and APC-(biotin-)anti-CD45.2 (Ly5.2) antibodies were used. For estimating LSK CD34 lo/Ϫ cells, the cells were incubated in a lineage cocktail (described above) of purified antibodies, then labeled with Tricolor-conjugated goat F(ab')2 antirat immunoglobulin G(HϩL) (IgG[HϩL]) (Caltag Laboratories, Burlingame, CA) and with Sca1-FITC, c-kit-PE, and CD34-(biotin)-APC.
Fetal liver studies
Breeder pairs were set up late in the afternoon, and mice with vaginal plugs observed the following morning were designated 0.5 days postcoitum (dpc). Fetal livers were dissected from 14.5 dpc mice, and single-cell suspensions were prepared by drawing liver cells through 23-gauge needle and then filtering them through a 50-m cell strainer.
Fetal liver transplantation
For fetal liver transplantation experiments, 2 ϫ 10 5 Hoxb4 Ϫ/Ϫ or Hoxb4 ϩ/ϩ cells (Ly5.2) derived from 14.5-day-old embryos were used in competition with 6 ϫ 10 5 B6.SJL cells (Ly5.1) and were transplanted into lethally irradiated (B6.SJL ϫ C57BL/6)F1 recipients (expressing both Ly5.1 and Ly5.2).
Analysis of primitive hematopoietic fetal liver cells (Lin
Cells were stained as previously described for LSK cells; however, Mac1 was excluded from the lineage cocktail, the cells were labeled with PE-conjugated Sca1 antibody, and an FITC-conjugated AA4.1 antibody was used instead of the c-kit antibody. Day-14.5 Ly5.2 fetal liver cells from 3 to 4 individual fetuses of each genotype were injected into lethally irradiated Ly5.1/Ly5.2 mice at a concentration of 10 000, 20 000, 50 000, or 100 000 cells, mixed with 300 000 unfractionated Ly5.1 bone marrow cells.
Each cohort was composed of 6 mice. Contributions of fetal liver-derived blood cells were analyzed after 1 and 3 months. Mice positive for more than 1% Ly5.2 cells of all nucleated peripheral blood cells of myeloid (Mac1, Gr1) and lymphoid (B220, CD3) cells by fluorescence-activated cell sorter (FACS) analysis were considered positive. Poisson statistics 30 were then applied to estimate the frequency of competitive repopulating units (CRUs) based on an analysis of the number of negative recipients as a function of the number of test cells injected, as previously described. 31, 32 Quantitative RT-PCR Day-14.5 fetal liver cells were depleted of Ter119 cells by use of magnetic bead-conjugated antibodies, and total RNA was extracted using TriZol (Gibco BRL, Grand Island, NY). cDNA was transcribed (Superscript II; Gibco BRL), and quantitative PCR ( Table 1 ) was performed on a LightCycler (Roche Diagnostics, Mannheim, Germany) and analyzed with LightCycler Software version 5.32. Values for each PCR product were normalized against HPRT giving a relative intensity (RI) for comparison of knockout and normal fetal liver. For a few genes (Hoxa4, c4, d4) , the level of expression was too low for detection using SybrGreen I. For detection of these mRNAs, primers and TaqMan probes from Applied Biosystems (Foster City, CA) were used and analyzed in an ABI Prism 7700 Sequence Detection System (Applied Biosystems).
Statistical analysis
Statistical analysis (except for CRU determination) was performed using the Mann-Whitney rank sum test or the Student t test. A P value of less than .05 was considered significant.
Results
Generation of a targeted Hoxb4 mouse model
To study the physiologic role of Hoxb4 in hematopoiesis, we generated a mouse model deficient of Hoxb4. We used the Cre/loxP system to generate conditional Hoxb4 KO mice to avoid possible developmental abnormalities that could affect the analysis of hematopoiesis. To remove both exons and the intron of Hoxb4 as well as closely flanking sequences, loxP sites were introduced 1.4 kb upstream and 0.5 kb downstream of the start and stop codon, respectively ( Figure 1 ). Correctly targeted 129Sv ES clones were identified by Southern blot analysis and PCR ( Figure 1D -F) and were used to generate chimeric mice. In addition to generating mice carrying the floxed (flanked by loxP sites) Hoxb4 allele, we also generated null mutant mice from ES clones in which the Hoxb4 gene had been excised ( Figure 1C ). Both mouse lines were born at normal Mendelian ratios and appeared healthy. Expression of Hoxb4 seemed not to be affected by the presence of the loxP sites in homozygous Hoxb4 flox/flox mice (Hoxb4 fl/fl ), and no expression of Hoxb4 was detectable in the null mutants (Hoxb4 Ϫ/Ϫ ) ( Figure  1G ). Because the null mutant mice reproduced normally, they were the focus of our studies.
Reduced cellularity in hematopoietic organs of Hoxb4 ؊/؊ mice
No abnormality in hematopoietic organs (bone marrow, spleen, thymus, and lymph nodes) was observed. However, a mild reduction in cellularity was detected in various hematopoietic organs of Hoxb4 Ϫ/Ϫ mice. Analysis of PB showed a small but significant reduction in red blood cell count (P ϭ .04) and in hemoglobin values (P ϭ .04), whereas the white blood cell count was normal (Table 2) . A significant reduction in cellularity was also observed in BM (P ϭ .04) and spleen (P ϭ .03) ( Table 2 ). The reduction in cellularity was not caused by alterations in specific mature hematopoietic compartments because flow cytometry To determine whether the observed reductions in total cellularity and primitive hematopoietic populations size was caused by proliferation defects in Hoxb4 Ϫ/Ϫ progenitors, we analyzed the proliferation recruitment of LSK cells. LSK progenitors were sorted from BM and grown in a single-cell assay measuring recruitment into proliferation and survival. LSK cells were plated out for 10-day culture in serum-free medium supplemented with various cytokines (SCF; SCF and TPO; SCF, TPO, and FL; or the multicytokine mix, SCF, FL, TPO, G-CSF, IL-3, and GM-CSF) on day 1 (for proliferation recruitment) or on day 5 (multicytokine mix, for viability analysis). No significant difference was noted in total number of clones (P ϭ .2) between Hoxb4 Ϫ/Ϫ and controls nor in numbers of clones in the survival analysis (P ϭ .4; data not shown). However, the proliferative response of primitive progenitors was significantly different because lower numbers of high proliferative clones were observed for the Hoxb4 Ϫ/Ϫ cells compared with cells derived from normal littermates (P ϭ .02; Figure  2 ). This phenomenon was only seen when maximum cytokine stimulation was used, indicating an active role for Hoxb4 in situations demanding high proliferation of primitive LSK progenitors.
Reduced repopulating ability of bone marrow-derived HSCs deficient in Hoxb4
To further investigate the physiologic role of Hoxb4 in the proliferation of primitive hematopoietic progenitors and stem cells, we performed competitive transplantation using fresh BM cells from Hoxb4 Ϫ/Ϫ and Hoxb4 ϩ/ϩ mice. Repopulating ability and lineage distribution of mutant cells was compared with those of normal littermates in competition with B6.SJL competitor cells (Ly5.1) in lethally irradiated recipients (Ly5.1). Our results were in line with previously reported data using Hoxb3/b4 Ϫ/Ϫ BM cells, with significantly lower repopulating ability of the knockoutderived cells after 4 to 6 weeks but less pronounced differences at 12 to 16 weeks ( Figure 3 ). The lineage commitment of engrafted Hoxb4-deficient cells was not affected (data not shown). For additional proliferative stress, we performed a secondary transplantation using cells from the primary Hoxb4 BM recipients. Secondary recipient reconstitution of mutant cells was significantly lower than for normal cells at week 6 but less prominent at week 16 (P Ͻ .05 and P ϭ .05, respectively). Collectively, these findings suggest that the regenerative capacity of HSCs is reduced in Hoxb4 Ϫ/Ϫ mice.
Hoxb4 ؊/؊ stem cells display increased tolerance to 5-FU treatment
To further analyze the effect of Hoxb4 on the proliferation of primitive hematopoietic progenitors and stem cells in vivo, we set up a competitive transplantation study in combination with the antimitotic drug 5-FU. 5-FU treatment is selectively cytotoxic for cycling cells, forcing the quiescent HSCs to go into cycle. A second 5-FU injection depletes the activated stem cells. Hoxb4 Ϫ/Ϫ mice For personal use only. on April 4, 2017. by guest www.bloodjournal.org From and healthy littermates were injected with 5-FU (150 mg/kg) on days 1 and 5, and BM was harvested on the following day. These Hoxb4 Ϫ/Ϫ or Hoxb4 ϩ/ϩ BM cells were transplanted together with B6.SJL cells into lethally irradiated B6.SJL recipients. At 6 and 17 weeks after transplantation, the Hoxb4 Ϫ/Ϫ cells showed significantly higher engraftment than the Hoxb4 ϩ/ϩ cells (P ϭ .01 [data not shown] and P ϭ .04, respectively; Figure 4 ), demonstrating that Hoxb4-deficient stem cells have higher tolerance to 5-FU treatment.
HSC pool in day-14.5 fetal liver is marginally reduced in embryos deficient in Hoxb4
Because the data from our proliferation recruitment assay of adult LSK cells in vitro and stem cell transplantation in vivo suggested a defect in proliferative capacity, we wanted to study this further in embryonic hematopoiesis. Expansion of the stem cell population has been reported to occur in the fetal liver on days 11 to 15, after which the hematopoietic cells seed to the bone marrow. 33, 34 Therefore, we analyzed the repopulating Lin Ϫ Sca1 ϩ AA4.1 ϩ (LSA) cells 35 in day-14.5 fetal liver from Hoxb4 mutants and littermate control fetuses. However, as observed previously, the loss of Hoxb4 alone results in a weak phenotype, this time only marginally affecting the size of the LSA population (Table 3) .
Transplantation of fetal liver cells indicates delayed proliferative response of HSC
To further analyze whether the fetal liver stem cell pool of mutant mice harbored functional defects, we performed competitive repopulation studies. Fetal liver cells from Hoxb4-deficient or normal mice underwent transplantation with fresh B6.SJL BM cells into lethally irradiated (B6.SJL ϫ C57BL/6) fetal liver recipients. The results shown in Figure 5 are reminiscent of the data from the transplantation of adult BM cells, suggesting a delayed proliferative response of mutant HSCs as they lag behind their normal counterparts during the initial repopulation period, a difference that fades with time.
Lower CRU numbers in fetal livers of Hoxb4 KO mice
Assays measuring CRU are used to enumerate HSCs in murine models. 31, 32 In light of our data suggesting a proliferative defect in mutant HSCs, we transplanted fetal liver cells in limiting dilution with B6.SJL support cells into lethally irradiated mice. Blood samples were assayed at 1 month and 3 months to determine the contribution of fetal liver-derived cells in the blood. Mild reductions in the numbers of CRU were seen at both time points in the recipients of Hoxb4 Ϫ/Ϫ FL cells compared with WT (352 Ϯ 91 vs 416 Ϯ 83 at 1 month and 356 Ϯ 46 vs 429 Ϯ 112 at 3 months, respectively). These data support the findings of a reduced capacity of mutant HSCs from BM and fetal liver to repopulate lethally irradiated recipients in a competitive repopulation transplantation assay (see the previous paragraph).
Altered gene expression in mice lacking Hoxb4
How the Hoxb4 gene and its target genes are regulated is largely unknown. Recent data suggest that Hoxb4 binds to the promoter region of c-myc 36 ; the AP-1 complex is another suggested target. 37 Primary recipients showed significantly reduced reconstitution at 6 weeks after BMT, whereas the difference at 12 weeks was only marginal. In secondary recipients, reduced reconstitution by Hoxb4 Ϫ/Ϫ BM was even more pronounced at 6 weeks after transplantation (P Ͻ .05), but at 12 weeks the difference was no longer significant (P ϭ .05) (mean Ϯ SD; n ϭ 4). Other data suggest that the different Hox genes are regulated by neighboring Hox genes in a cascade of expression in a 3Ј to 5Ј order. 38, 39 Therefore, we asked whether the deficiency of Hoxb3/b4 or Hoxb4 alone affected the regulation of other Hox genes in hematopoietic cells. We performed quantitative RT-PCR on fetal livers 14.5 dpc of KO and WT mice. Ter119-depleted fetal liver cells were tested for the expression of Hoxa4, Hoxa9, Hoxb2, Hoxb3, Hoxb5, Hoxc4, Hoxd4, c-myc, Jun-B, p21, cyclinD1, CXCR4, and c-Jun. A cut-off level at a 2-fold increase or decrease was chosen, giving a significant reduction of mRNA for Hoxb2, b3, b5, jun-B and cyclinD1 in Hoxb4-deficient fetal liver cells (n ϭ 14; P Ͻ .05), whereas the level of Hoxa4 was slightly but not significantly increased (Table 4) . mRNA levels from the paralogous genes Hoxc4 and Hoxd4 were too low to be reliably detected in fetal liver samples from WT and KO mice. Although they did not reach the 2-fold change (1.6 and 1.9, respectively) and, therefore, were not scored as positive, p21 and c-myc levels were significantly increased. For the other genes tested, no significant reduction or increase could be seen (Table 4 ). For comparison, Table 4 also includes gene expression levels from the Hoxb3/b4 Ϫ/Ϫ mice. 28 These findings support the notion that Hoxb4 is involved in the regulation of c-myc and that there is a complex interregulation in the expression of clustered Hox genes.
Discussion
Understanding the complex regulation of HSCs is crucial for future therapeutic applications. Several studies show that the enforced expression of HOXB4 can be used to expand HSCs ex vivo and in vivo. 14, [18] [19] [20] 27, 40 Here we have addressed the question of the physiologic role for Hoxb4 in hematopoiesis in a novel genetargeting mouse model with complete deletion of the Hoxb4 gene. 45 The strong proliferative effect caused by enforced HOXB4 expression in HSCs contrasts with the relatively mild proliferation defects in Hoxb4-deficient HSCs. The deficiency of Hoxb4 can possibly be compensated for by neighboring or paralogous Hox genes, explaining the relative redundancy. However, expression levels of neighboring Hox genes (Hoxb2, Hoxb3, and Hoxb5) was significantly reduced, ruling out a positive compensatory effect from Hox proteins encoded by these genes. RNA expression levels generated by the paralogous Hox genes Hoxa4, Hoxc4, and Hoxd4 were analyzed and demonstrated a mild (1.3-fold) up-regulation of Hoxa4 (not statistically significant) and very low or undetectable levels of Hoxc4 and Hoxd4. A positive compensatory effect from the Hoxa4 up-regulation is theoretically possible, and the low levels of Hoxc4 and Hoxd4 mRNAs indicate a minor role for these genes in regulating the function of hematopoietic progenitors. An elegant study by Greer et al 46 demonstrates a redundancy for the paralogous genes Hoxa3 and Hoxd3, where the proteins encoded by these genes are shown to carry out identical biologic functions. Additionally, the HxRE1 and HxRE2 sequences in the Hoxb4 promoter, shown to be the binding sites for NF-Y and USF1/2, 47 For personal use only. on April 4, 2017. by guest www.bloodjournal.org From have also been identified in the 5Ј noncoding sequences of HoxA4, HoxC4, and HoxD4, indicating similar regulatory mechanisms of these paralogous genes. However, we did not find a compensatory increase, but rather a decrease, in the expression of several Hox genes in the mutant fetal liver cells, suggesting that the structure of the cluster is essential for proper regulation. 48 Analysis of the thorax structure in the Hoxb4 Ϫ/Ϫ and Hoxb3/ b4 Ϫ/Ϫ mice showed that 40% of the mice were missing the lowest rib pair as the only major skeletal defect (A.C.M.B. et al, unpublished studies, January 2003), contrasting an earlier report in which Ramirez-Solis et al 49 describe a split sternum in a differently targeted Hoxb4 mouse model. They describe two targeted models: one with an inserted double-selection cassette plus stop codon in the first exon that resulted in a split sternum and one with a stop codon inserted in the second exon with milder axial/atlas transformations that did not affect the sternum. 49 It is, therefore, clear that different targeting procedures have significant impacts on the observed phenotype. Inserting a selection cassette driven by strong promoters clearly affects the phenotype and the complex regulation within the Hox cluster. 50 However, complete removal of the Hoxb4 gene brings Hoxb3 and Hoxb5 together, which might give rise to alternative possibilities for neighboring genes to affect or rescue the phenotype.
The mechanism for HOX protein-mediated regulation is poorly understood, and definitive data on downstream targets for Hox proteins are lacking. It has been suggested that thrombopoietin mediates its positive effects on the proliferation of HSCs through p38 mitogen-activated protein kinase (MAPK) and the upstream stimulating factor (USF-1), which binds to the promoter of Hoxb4, inducing its expression. 51, 52 Other studies indicate an alternative function for HOX genes as modulators of chromatin by affecting the acetylation of histones, functioning either as repressors or activators. [53] [54] [55] Studies in cell lines have indicated that HOXB4 is involved in the down-regulation of c-myc expression, thereby promoting differentiation. 36 The level of c-myc in our Ter119-depleted, Hoxb4-deficient fetal liver cells was increased, although only modestly, compared with that in WT fetal liver cells, but with the reduced proliferative capacity of the KO cells seen here, these findings support the data of Pan et al. 36 The HOXB cluster also seems to be involved in the proliferative response of activated human T and NK cells because HOXB gene expression is sequentially induced in a 3Ј 3 5Ј cluster direction (ie, from HOXB1 through HOXB9) after activation, 38, 39 and our data from quantitative RT-PCR confirm that the removal of one or both genes in this study affects the expression levels of genes in the same cluster. Studies in Rat-1 fibroblasts give further insight into the proliferative response caused by HOXB4 overexpression, showing activation of the AP-1 complex genes Fra-1 and Jun-B followed by up-regulation of the cell cycle regulator, cyclinD1. 37 In conjunction, we show that both Jun-B and cyclinD1 were significantly decreased in KO fetal liver cells from both our KO models. A function for HOXB4 in embryonal hematopoiesis has been suggested in a recent report by Kyba et al 56 in promoting the switch between primitive and definitive hematopoiesis, though our data show that Hoxb4 is not the key player in that process.
Safe expansion of HSCs ex vivo is essential for therapeutic applications, and much effort has been put into the search for growth factor combinations that stimulate stem cell regeneration with only modest success. 57, 58 Enforced HOXB4 expression causes a 40-fold net increase in murine stem cells ex vivo, and a recent study on human cord blood cells generated a 3-to 4-fold increase in CRU numbers in a NOD/SCID transplantation model. 19, 27 To avoid permanent overexpression of HOXB4 and to avoid the risk for insertional mutagenesis, new approaches have recently been developed by which the HOXB4 protein is added to the cells, either by coculture of human cord blood CD34 ϩ cells with a murine HOXB4-producing cell line 59 or by the addition of the purified protein to murine bone marrow cells. 60 These exciting findings provide proof-of-principle for the potential use of the Hoxb4 protein in ex vivo stem cell expansion.
We conclude that the physiologic role of Hoxb4 in hematopoiesis is to enhance the proliferative response of long-term repopulating HSCs. Hoxb4 deficiency has subtle effects on steady state hematopoiesis, resulting in reduced cellularity of various hematopoietic organs without perturbing lineage distribution. However, in conditions that call for rapid proliferation, such as bone marrow transplantation, the regenerative capacity of the stem cell pool is significantly reduced, resulting in lower engraftment levels in irradiated recipients. The deficiency of Hoxb4 affects hematopoiesis at the fetal stage, resulting in slightly reduced expansion of the stem cell pool in fetal liver, as shown here by competitive repopulation and CRU studies. Although this effect is reflected in the adult hematopoietic system, Hoxb4 does not seem to be a prominent regulator of HSC proliferation in endogenous hematopoiesis after birth.
